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PREFACE 

Th.it  technical  report  wu  prepared  bp  the  Center  for  Information  and 
Nnnerieal  Data  Analysis  and  Synthesis  (CINDAS) ,  Pardee  University,  Vest 
Lafayette,  Indiana,  onder  the  anapieee  of  the  Office  of  Standard  Reference  Data 
of  the  National  Bureau  of  Standards  (NBS),  Department  of  Conmeree,  Washington, 
D.C. 

This  report  represents  the  most  exhaustive  compilation  and  critical  evalu¬ 
ation  of  the  recorded  world  knowledge  on  the  eleotrioal  resistivity  of  vanadium 
and  xireonium,  and  is  one  of  a  series  of  technical  reports  on  the  eleetrioal 
resistivity  of  seleoted  elements.  The  literature  seareh  and  data  compilation 
have  been  done  in  a  most  extensive  and  detailed  manner,  making  it  possible  for 
all  users  of  the  subjeet  to  have  access  to  the  original  data  without  having  to 
duplicate  the  laborious  and  costly  prooess  of  literature  seareh  and  data  ex¬ 
traction.  Also,  for  the  active  researchers  in  the  field,  a  detailed  discussion 
is  presented  for  eaeh  material,  reviewing  the  available  data  and  information, 
giving  details  of  data  analysis  and  synthesis,  and  diseussing  the  considera¬ 
tions  involved  in  arriving  at  the  final  recommended  values. 

It  is  hoped  that  this  work  will  prove  useful  not  only  to  the  engineers  and 
scientists  in  the  field  but  also  to  other  engineering  research  and  development 
programs  and  for  industrial  applications,  as  it  provides  a  wealth  of  knowledge 
heretofore  unknown  or  inaeeessible  to  many.  In  particular,  it  is  thought  that 
the  eritieal  evaluation,  analysis  and  synthesis,  and  reference  data  generation 
constitute  a  unique  aspeet  of  this  work. 

Although  this  report  is  primarily  the  result  of  finaneial  support  and 
interest  of  the  NBS  Office  of  Standard  Referenee  Data,  the  extensive  documen¬ 
tary  activity  essential  to  this  work  was  supported  by  the  Defense  Logisties 
Ageney  of  the  Department  of  Defense.  Ihanks  are  due  Dr.  H.  J.  White,  Jr.,  of 
the  NBS  Office  of  Standard  Referenoe  Data  for  his  guidance,  cooperation,  and 
sympathetic  understanding  during  the  course  of  this  work. 
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ABSTRACT 


TBit  work  eoapiles,  rtTitvi ,  and  discusses  tha  available  data  and  Intona¬ 
tion  on  tha  alaetrieal  resistivity  of  vaaadiua  and  xirconiaa  and  presents  tha 
reocaaesded  values  resulting  fro*  eritioal  evaluation,  correlation.  analysis, 
and  syathasis  of  tha  available  data  and  iafonatioa.  Tha  recoeneaded  valuas 
prasantad  ara  aaeorraatad  aad  also  eorraetad  for  tha  thanal  axpaaaioa  of  tha 
aiatarial  aad  cover  tha  taaparatara  raaga  froa  1  1  to  above  tha  salting  point 
into  tha  aoltea  state.  Tha  estiaated  uncertainties  ia  aost  of  tha  raeoaweaded 
values  ara  about  ±2%  to  +5%. 

Kay  Words:  vaaadiua:  zirooaina:  conductivity;  eritioal  evaluation;  data 

analysis;  data  ecapilttlos:  data  syathasis;  alaetrieal  conductivity;  alaetrieal 
resistivity;  elements;  aatals;  raeoaaaadad  valuas;  resistivity. 
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1.  INTRODUCTION 


The  principal  objective  of  thit  project  was  to  exhaustively  compile, 
critically  evaluate,  analyse,  and  synthesize  all  the  available  data  and  infor- 
station  on  the  electrical  resistivity  of  a  large  nnaber  of  selected  elements  and 
to  generate  recommended  values  or  a  full  range  of  temperature  from  1  I  to  the 
suiting  point  and  beyond.  The  rcsulta  on  the  electrical  resistivity  of  vana¬ 
dium  and  zirconium  are  presented  in  this  work,  which  is  one  in  a  series  of 
similar  works  on  the  electrical  resistivity  of  selected  elements,  some  pub¬ 
lished  [1-3 1*.  The  comprehensive  study  of  the  electrical  resistivity  of  the 
elements  at  the  Center  for  Information  and  Numerical  Data  Analysis  and  Syn¬ 
thesis  ( CINDAS)  has  been  a  continuation  of  a  similar  extensive  work  on  the 
thermal  conductivity  of  the  elements  [4]. 

The  general  background  information  on  this  work  is  given  in  Section  2, 
which  includes  a  br.'.ef  introduction  to  the  theory  of  the  electrical  resistivity 
of  metals  and  a  detailed  explanation  of  the  specifics  and  conventions  used  in 
the  presentation  of  the  data  and  information. 

The  experimental  data  and  information  and  the  recommended  values  for  the 
electrioal  resistivity  of  the  two  elements  are  presented  in  Section  3.  In  the 
discussion  of  the  electrical  resistivity  of  each  element,  individual  pieces  of 
available  data  and  information  are  reviewed,  details  of  data  analysis  and  syn¬ 
thesis  are  given,  the  considerations  involved  in  arriving  at  the  final  assess¬ 
ment  and  recommendation  are  discussed,  the  rec<»ended  values  and  the  experi- 
mental  data  are  coavared,  and  the  uncertainties  in  the  recommended  values  are 
stated.  The  recommended  values  uncorrected  and  corrected  for  the  tVermal  ex¬ 
pansion  of  the  material  are  both  presented  in  this  section.  The  values  cover 
the  temperature  range  from  1  I  to  above  the  melting  point. 

The  last  three  sections  are  for  acknowledgments,  appendices,  and  refer- 
enoea.  There  are  two  appendices  given.  The  first  appendix  presents  a  logical 
organization  of  the  methods  for  the  measurement  of  electrical  resistivity.  The 
methods  are  designated  with  respective  code  letters  and  the  same  code  letters 
are  used  in  the  'Method  Used'  column  of  the  Table  of  Measurement  Information 


^Numbers  in  brackets  indicate  literature  references  listed  in  Section  ( 


for  indicating  the  experimental  methods  used  by  the  various  authors.  The 
seoond  appendix  presents  conversion  factors  for  the  units  of  electrical  resis¬ 
tivity.  which  may  be  used  to  convert  easily  the  electrical  resistivity  values 
in  the  SI  units  given  in  this  work  to  values  in  any  of  the  several  other  units 
listed. 
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2.  GENERAL  BACKGROUND 


«  2.1.  Theoretical  Background 

It  was  found  experinentally  by  Matthieeeen  [5,6]  that  the  inoreaae  in  the 
electrioal  resistivity  of  a  natal  dne  to  the  presence  of  a  snail  anonnt  of 
another  natal  in  solid  solntion  is  independent  of  the  tenperatere.  According 
to  this  Matthias sen's  rule,  the  total  electrical  resistivity  of  an  inpnre  natal 
nay  therefore  be  separated  into  two  additive  contributions  and  written  in  the 
fom 

p(c,T)  -  pQ(c)  +  Pl(T)  (1) 


where  p^  is  the  residual  resistivity  caused  by  the  scattering  of  electrons  by 
inpnrity  atons  and  lattice  defects  and  is  tenperature-independent  bnt  dependent 
on  the  inpnrity  concentration,  e,  and  p^  is  the  tenperatnre-dependent  intrinsic 
resistivity  arising  fron  the  scattering  of  electrons  by  lattioe  waves  or 
phonons . 

In  reality,  however,  deviations  fron  Matthiessen's  role  do  occur.  Thus, 
in  general  the  electrical  resistivity  of  an  inpure  netal  is  given  by 

p(c.T)  -  pQ(c>  +  p1(T)  +  A(c,T) ,  (2) 

where  A  is  the  deviation  fron  the  Matthiessen's  rule. 


The  intrinsic  electrioal  resistivity  which  is  due  to  scattering  of  elec¬ 
trons  by  phonons  nay  be  approximated  "by  the  B loch -Grunei sen  formula  [7,8] : 


•  fV* 

^[•r J  j  0  <ex-l)2 

IV*  . 

®R  Jo  (e*-l)Z 


(3a) 


(3b) 


where  C  is  a  constant  characteristic  of  the  netal  and  proportional  to  the 
square  of  the  electron-phonon  interaction  constant,  M  is  the  atonie  weight,  0^ 
is  a  characteristic  tenperature  of  the  netal  which  characterises  its  intrinsic 
electrical  resistivity  in  the  sane  way  as  the  Debye  tenperature,  8^,  character¬ 
ises  its  lattice  apeoific  heat,  and  A  =  C/M0R.  The  dinensiosless  variable  of 
integration  s  •  hw/kT,  where  h  is  the  Planok  constant  divided  by  2k,  e  is  the 


phonos  angular  frequency,  and  k  i  S' the  Bolttnann  constant.  The  derivation  of 
eq  (3)  ia  baaed  on  the  simplifying  assumptions  that  the  Fermi  surface  is  spher¬ 
ical,  that  the  conduction  electrons  can  be  treated  as  free  in  the  first  approx¬ 
imation,  that  the  spectrum  of  lattioe  vibrations  is  that  of  the  Debye  model, 
that  the  phonos  distribution  is  essentially  undisturbed  by  the  seattering 
processes,  and  that  electron-phonon  Omklapp  processes  can  be  ignored.  Conse¬ 
quently,  it  is  perhaps  most  reasonable  to  expeet  the  Bloeh-Gruneisen  formula  to 
agree  with  experiment  in  the  ease  of  monovalent  metals.  Nevertheless,  the 
intrinsic  resistivity  of  many  metals  can  be  veil  represented  by  eq  (3)  over  a 
vide  temperature  range  by  a  suitable  choice  of  0^  and  C,  though  no  single 
values  of  0^  can  fit  the  data  at  all  temperatures. 

At  lov  temperatures  (T  £  0^/20) ,  «q  (3a)  reduces  to 


Lx 


vhile  at  high  temperatures  (T  >  0R) ,  to  a  good  approximation,  it  reduces  to 


4M0„  e 


Thus  it  agrees  vith  the  experimental  facts  that  at  very  lov  temperatures  the 
intrinsic  or  ideal  electrical  resistivity  (after  subtracting  from  p)  of  most 
metallic  elements  is  proportional  to  T*  vhich  is  attributed  to  eleotron-phonon 
intraband  scattering,  and  at  high  temperatures  the  resistivity  of  most  metals 
increases  approximately  linearly  vith  temperature. 

In  separating  the  electrical  resistivity  into  its  components,  the  tem¬ 
perature  dependent  part  sometimes  inoludes  the  eleotrieal  resistivity  due  to 
electron-electron  scattering,  p#j  indeed,  this  is  thought  to  be  the  dominant 
tenperature-dependent  term  in  transition  metals  at  lov  temperatures.  That  is, 

P  "  Pfl  *  Pe  +  P^(T).  (6) 

As  in  the  oase  of  the  seattering  of  electrons  by  phonons,  electron- 
electron  collisions  are  of  tvo  types:  normal  prooessea  in  vhich  the  total  vave 
vector  is  conserved,  and  Umklapp  processes  ia  vhich  the  total  vave  vectors  be¬ 
fore  and  after  the  eollisioa  differ  by  a  reeiproeal  lattice  vector.  On  the 
other  hand,  unlike  electron-phonon  Umklapp  processes  vhich  are  frosen  out  at 


s 


low  twpiritwii  if  til  Feral  surface  is  everywhere  dear  of  the  xoae  boundary, 
electron-electron  Uahlapp  processes  are  not  frozen  out  .at  low  teaperatures. 
Koraal  processes,  involving  the  collision  between  two  s-band  conduction  elee- 
trons,  do  not  contribute  direotly  to  the  eleotrioal  resistivity  beoause  they  do 
not  ehange  the  total  aoaentua  and  thus  have  no  effect  on  the  ourrent.  Noraal 
processes  involving  the  scattering  of  an  s-band  conduction  eleetron  by  a  non¬ 
conducting  d-band  electron  do  contribute  to  the  eleotrioal  resistivity,  and  are 
thought  to  be  the  doainant  teaperature-dependent  resistive  processes  in  transi¬ 
tion  eleaents  and  their  alloys  st  very  low  teaperatures,  since  their  resistivi¬ 
ties  show  the  T2  teaperature  dependence  expected  for  eleotron-eleotron  scatter¬ 
ing  rather  than  the  teaperature  dependence  expeoted  for  the  intrinsic  resis¬ 
tivity.  This  teaperature  dependence  of  the  electrical  resistivity  due  to 
eleotron-eleotron  scattering: 

»9  -  aT2  (7) 


cones  about  through  the  double  application  of  the  exclusion  principle  in  the 
scattering  processes;  it  applies  to  both  the  initial  states  and  final  states. 
In  eq  (7),  a  is  a  constant. 

Dnklapp  processes  between  two  conduction  electrons  do  contribute  to  the 
v eleotrioal  resistivity.  Beoause  these  processes  involve  a  reciprocal  lattice 
vector,  the  wave  functions  of  the  eleotrons  involved  oannot  be  regarded  as 
sinple  plane  waves,  but  aust  be  treated  as  true  Bloeh  functions  having  the 
periodioity  of  the  lattice.  The  results  of  this  are  to  introduee  into  the 
expression  for  the  resistivity  the  square  of  an  interferenee  faetor.  Appar¬ 
ently  this  faetor  is  quite  snail,  as  the  low  teaperature  electric'  resistivity 
of  aost  ordinary  natal s  does  not  show  the  T2  teaperature  dependence  expeeted 
for  such  a  resistive  aechanisa. 


Substituting  eqs  (7)  and  (3b)  into  eq  (6)  yields 


+  aT2  + 


_l]5  f ©k/T  x5exdx 

®eJ  J  0  (eX-l)2 


(8) 


Equation  (8)  has  been  used  frequently  in  analysing  the  experiaental  data  and  in 
generating  the  reconneaded  values  for  the  eleotrioal  resistivity  at  low  teaper- 
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2.2.  Presentation  of  Date  and  Information 

In  each  of  the  anbaeetions  in  Section  3,  electrical  resistivity  data  and 
information  for  each  element  are  presented  in  the  following  order: 

(1)  A  discussion  text. 

(2)  A  table  of  recommended  ▼slues, 

(3)  A  figure  presenting  experimental  data  as  a  function  of  temperature  in 
a  log-log  scale. 

(4)  A  figure  presenting  recommended  Talues  and  selected  experimental  data 
(on  whioh  the  recommendations  were  based)  as  a  function  of  temperature 
in  a  log-log  scale. 

(3)  A  figure  presenting  recommended  values  and  seleeted  experimental  data 
(on  which  the  recommendations  were  based)  as  a  function  of  temperature 
in  a  linear  scale, 

(6)  A  table  giving  measurement  information  on  the  experimental  data  pre¬ 
sented  in  the  figures,  and 

(7)  A  table  of  experimental  data  for  all  the  data  sets  listed  in  item  6 
above . 


In  the  discussion  text  on  the  electrical  resistivity  of  each  element, 
individual  pieces  of  available  data  and  information  are  reviewed,  details  of 
data  analysis  and  synthesis  are  given,  the  considerations  involved  in  arriving 
at  the  final  assessment  and  recommendation  are  discussed,  the  recommended 
values  and  the  experimental  data  are  coaqpared,  and  the  uncertainties  of  the 


The  recnuMnded  Talues  are  for  well-annealed  high-purity  specimens  of  the 
respective  elementsi  however,  those  values  for  low  temperatures  are  applicable 
only  to  the  particular  specimens  having  residual  electrical  resistivities  as 
given  at  1  I  in  the  tables. 

The  recommended  values  uncorrected  and  corrected  for  the  thermal  expansion 
of  the  element  are  both  given  in  the  table.  The  uncorrected  and  corrected 
values  are  related  by  the  following  equation: 


^corrected 


Lo 


^uncorrected^  * 


where  AL  «  L  -  and  L  and  Lq  are  the  lengths  of  the  specimen  at  any  tempera¬ 
ture  T  and  at  a  reference  temperature  TQ.  respectively.  The  thermal  expansion 
correction  amounts  roughly  to  about  -0.2%  at  low  temperatures,  sero  at  room 
temperature,  about  0.3%  near  300  K.  and  about  1.3%  to  2.3%  near  the  melting 
point  of  the  element. 


Tb(  rteowiadtd  values  is  some  eases  are  given  with  aore  aigaifieaat  fig¬ 
ures  than  warranted,  which  is  aerely  for  tabular  saoothaess  or  for  the  conven¬ 
ience  of  iaternal  eoaparison.  Hence,  the  nuaber  of  aignifieant  figures  given 
in  the  table  has  no  bearing  on  the  degree  of  accuracy  or  uncertainty  in  the 
vainest  the  uncertainty  in  the  values  is  always  explicitly  stated. 

In  the  figures,  a  data  set  consisting  of  a  single  data  point  is  denoted  by 
a  nuaber  enclosed  by  a  square,  and  a  curve  that  connects  a  set  of  two  or  aore 

data  points  is  denoted  by  a  ringed  nuaber.  These  data  set  nuabers  correspond 

to  those  listed  in  the  aecoapanying  tables  providing  aeasureaent  information 
and  tabulating  numerical  data  for  each  of  the  data  sets.  When  several  sets  of 
data  are  too  close  together  to  be  distinguishable,  some  of  the  data  sets, 
though  listed  and  tabulated  in  the  tables,  are  oaitted  froa  the  figure  for  the 

sake  of  elarity.  The  data  set  nuabers  of  those  data  sets  oaitted  froa  the 

figure  are  asterisked  in  both  tables  providing  the  aeasureaent  information  and 
tabulating  the  experiaental  data. 

The  tables  providing  the  aessareaent  information  contain  for  each  set  of 
experiaental  data  the  following  information:  data  set  nuaber,  reference  nua¬ 
ber.  author(s).  year  of  publication,  experiaental  method  used  for  the  aeasure¬ 
aent,  temperature  range  covered  by  the  data,  name  and  specimen  designation, 
specimen  composition,  specification  and  characterisation,  and  information  on 
aeasureaent  conditions,  which  are  contained  in  the  original  paper.  The  experi¬ 
aental  aethods  used  for  the  aeasureaent  of  the  electrical  resistivity  are  indi¬ 
cated  in  the  coluan  headed  'Method  Used'  in  the  table  by  the  following  code 
letters: 

A  Direct-current  potent ioaeter  method 

B  Direot-current  bridge  method 

C  Alternating-current  potentiometer  aethod 
K  Direct  heating  aethod 

E  Rotating  aagnetie  field  aethod 
T  Transient  (aubseoond)  aethod 

▼  Voltmeter  and  aaaeter  direct  reading  aethod 

+  This  syabol  aeans  either  that  the  aethod  deseribed  by  the  author  is 
not  sufficient  for  assigning  a  speeifie  code  letter  or  that  the  use 
of  a  code  letter  would  not  convey  enough  of  the  information  reported 
in  the  research  doeuaeat,  and  therefore  the  aethod  used  is  deseribed 
briefly  in  the  last  coluan  of  the  table. 
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Details  of  that*  and  other  aethods  for  the  aeasureaent  of  alactrical  resistiv- 
ity  aay  be  found  in  tba  literature  references  given  in  Appendix  5.1,  whioh 
presents  •  coaplete  scbeae  for  the  classification  and  organisation  of  the 
aethods. 

In  the  tables  tabulating  the  experiaeatal  data,  all  the  original  data 
reported  in  different  units  hare  been  converted  to  have  the  saae  units:  the  SI 
units  10  fi  a.  The  recoaaended  values  generated  are  also  given  in  the  aaae 
units.  Conversion  faotors  for  the  units  of  eleotrical  resistivity,  which  aay 
be  used  to  convert  the  electrical  resistivity  values  in  the  SI  units  given  in 
this  work  to  values  in  other  units,  are  given  in  Appendix  5.2. 
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3.  ELECTRICAL  RESISTIVITY  DATA  AND  INFORMATION 


3.1.  Vaaadiui 

Thirt  are  <9  sets  of  uptriuatil  data  available  for  the  aloctrieal 
reaiativity  of  aadoped  vaaadiaa  at  a  fonctioa  of  taaparatara.  The  residual 
resistivity  of  the  pmrost  aaapla  roportod  ia  this  iavestigatioa  ia  0.0100S  z 
10  fi  a.  Iaforaatioa  oa  tka  apaciaaa  eharaetarizatioa  aad  aaaaaraaaat 
coaditioa  for  aaek  of  tka  data  aata  ia  givea  ia  tabla  2.  Tka  data  ara 
tabalatad  ia  tabla  3  aad  shova  partially  ia  figara  1. 

Ia  tka  abaaaca  of  a  aagaatic  fiald,  vaaadiaa  ia  a  aaparooadactor  balov  ita 
aapareoadaetiag  traaaitioa  taaparatara  (S.46  E).  Tka  aaparcoadaetiag  traaai- 
tioa  taaparatara  ia  vary  seasitive  to  tka  aagaatie  fiald  iataaaity:  tka  kigkar 
tka  aagaatio  fiald  iataaaity.  tka  lovar  ia  tka  aapareoadaetiag  traaaitioa  tea- 
paratara.  Aleksaadrov  at  al.  (191  foaad  that  tka  aapareoadaetiag  traaaitioa 
taaparatara  of  vaaadiaa  voald  ba  levered  to  4.5  K  ia  a  aagaatie  fiald  of  -0.5 
kOa.  Fartharaora.  tkair  aaaaaraaaata  for  tka  aoaaapareoadaetiag  atata  of  a 
kigk  parity  vaaadiaa  apoeiaaa  at  *>5.4  I  ia  a  aagaatie  fiald  of  -2.2  kOa  skovad 
aa  iacraaaa  of  aboat  0.45%  ia  tka  alaetrieal  raaistivityt  tkaa  tka  iaflaaaea  of 
tka  aagaatie  fiald  oa  tka  alaetrieal  reeietivity  of  vary  para  vaaadiaa  eoald  ba 
aaglaetad. 

Tka  alaetrieal  reaiativity  aaaaaraaaata  balov  rooa  taaparatara  kava  re¬ 
ceived  eoaaidarabla  attaatioa.  Thia  ia  avidaat  ia  the  aztaat  of  the  aaaaara¬ 
aaata  of  Paa  at  al.  [131  (data  aata  6,7),  Coartaay  [14]  (data  aata  8-11), 
Chakal’skii  at  al.  (151  (data  aat  IS),  Jaag  at  al.  [16-181  (data  aata  13-16), 
Alekaaadrov  [19]  (data  aata  17,18),  Aakaxka  at  al.  [20]  (data  aata  19,20). 
Vaatlaka  aad  Alfred  [37.38]  (data  aata  37,38),  Aaitia  at  al.  [40]  (data  aata 
41,42),  Taylor  aad  Saitk  [45]  (data  aata  52-55),  aad  White  aad  Vooda  [48.49] 
(data  aat  59).  Vary  raeaat  stadias  have  baaa  aada  by  Gaatroa  at  al.  [53]  (data 
aat  64)  oa  a  aaapla  with  tka  higkeat  parity  (i.e.,  love at  pQ  -  0.01  z  10~*  fi  •) 
aad  by  Taai  at  al.  [54]  (data  aata  65,66)  oa  a  aaapla  vitk  pQ  -  0.0109  z  10~* 

0  a. 

Tka  taaparatara  dapaadaat  part  of  the  alaetrieal  reaiativity  balov  21  E 
vaa  reported  to  ba  proportioaal  to  T3  by  White  aad  Wooda  (48,491.  Thia  vaa 
eoafiraed  later  by  raaalta  of  Chakalekii  at  al.  [IS],  Jaag  at  al.  [16-18],  aad 
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by  Aleksandrov  at  al.  [19].  Tbs  presence  of  tbe  cable  ten  is  evidently  con¬ 
nected  with  s-d  interband  scattering.  However,  stadias  of  Tsai  et  al.  [SS]  on 
the  sample  with  p^  ■  0.0109  x  10  *  0  m  foond  an  additional  T2  ten  which  they 
attributed  to  electron-electron  scattering  (p  >.  In  order  to  verify  these  re¬ 
sults.  Gaatron  et  al.  [S3]  carried  oat  electrical  resistivity  measurements  on 

_g 

an  even  pnrer  speciaen  with  pg  «  0.01  i  10  0  a.  and  obtained  a  value  of  (1.6 

♦  0.2)  x  10  11  Q  ca/K2  for  p#  that  was  eoapatible  with  the  value  of  (1.3  +  0.2) 
x  10  11  0  ca/K2  obtained  by  Tsai  et  al.  [S4] .  Gaatron  et  al.  [53]  pointed  oat 
that  the  teaperature  dependent  electrical  resistivity  above  10  K  is  doainated 
by  electron-phonon  interactions.  Belov  10  C,  the  electron-electron  ten  aakes 
a  significant  contribution,  and  it  begins  to  doainate  below  S  K.  Pailnre  to 
detect  the  p#  ten  in  earlier  studies  [e.g.»  15-18.  48-50]  was  attributed  to 
the  fact  that  these  studies  did  not  involve  aeasareaents  to  low  enough  teapera- 
tures.  and  also  to  the  fact  that  below  10  K  the  electron-electron  contribution 
is  of  the  order  of  or  less  than  p^,  even  for  relatively  pure  specimens. 

An  anoaalous  behavior  of  the  electrical  resistivity  between  180  and  300  K 
has  been  observed  by  Burger  and  Taylor  [461.  Suxuki  et  al.  (74).  Sairnov  and 
Finkel  [67],  and  by  Rostoker  and  Taaaaoto  [73].  However.  Vestlake  [38]  found 
that  hydrogen  absorbed  ia  the  speciaen  affects  the  resistivity  anoaously  near 
180  K  and  that  hydrogen-free  vanadium  did  not  show  such  anoaalous  behavior. 

Coaparison  of  the  electrical  resistivity  data  below  room  teaperature  indi¬ 
cates  that  the  electrical  resistivity  of  vanadium  deviates  froa  Matthiessen's 
rule.  The  deviations  are  dependent  not  only  on  the  concentration  of  impuri¬ 
ties,  but  also  on  their  type.  The  deviations  are  larger  for  the  less  pure 
speciaens. 

With  the  discussion  given  above  in  mind,  the  reeoaaended  values  are  based 
on  the  data  of  Courtney  [14]  (data  sot  11).  Jung  et  al.  [16-18]  (data  sets 
13-16).  Gaatron  et  al.  [54]  (data  set  64).  and  of  Tsai  [55 ]  (data  set  65),  who 
all  aeasured  speciaens  with  RRR  >  1500.  Special  weight  was  given  to  the  data 
of  Gaatron  et  si.  [54]  on  a  specimen  with  RRR  -  1970  and  pQ  -  0.01  x  10~*  0  a. 
The  deviation  of  the  data  froa  the  reeoaaended  values  for  soaewhat  less  pure 
speciaens  (13.19,20,37,38,40,45,48,49)  are  shown  in  figure  1. 

At  the  highest  teaperatures  there  is  general  agreeaent  on  the  teaperature 
dependence  of  the  electrical  resistivity.  There  are  little  good  data  froa  300 


ttr.i*’?-' 
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to  1200  K.  The  recommended  ▼tints  in  this  temperature  range  art  basad  on  tha 
data  of  Naiaark  at  al.  [28]  (data  sat  26)  and  of  Taylor  and  Groot  [55]  (data 
sat  67).  However,  Naiaark  at  al.  hare  indieatad  rather  high  amximum  error  for 
their  measurements,  and  KBR  »  400  is  reported  by  Taylor  and  Groot  [S5]  for 
their  staple.  Tha  recoanended  values  froa  1200  to  tha  aelting  point  are  baaed 
on  tha  data  of  Gathers  at  al.  [10]  (data  sat  2).  Casairliyan  at  al.  [22-24] 
(data  sat  22),  and  of  Falatskii  at  al.  [32]  (data  sat  30)  [37]  (data  aat  69). 

A  compromise  has  bean  made  between  their  somewhat  divergent  resnlta.  The  seat- 
ter  of  the  data  froa  other  investigations  reported  in  table  2  [12,28-30,33,34, 
36,43,44,36]  is  of  tha  order  of  +10%.  Tha  recommended  values  above  2202  K.  in 
the  liquid  region,  are  based  on  the  compromise  between  tha  only  two  data  sets 
available,  due  to  Seydel  and  Fncke  [9]  (data  set  1)  and  to  Gathers  at  al.  [10] 
(data  set  2).  At  4000  K  the  divergent  in  their  values  approaches  9%.  The  data 
of  Gathers  at  al.  [10]  indicate  a  lower  melting  point  than  the  generally  accep¬ 
ted  value  of  2202  K,  presumably  because  their  data  were  taken  under  pressure. 

The  recommended  values  of  the  electrical  resistivity  given  in  table  1  and 
shown  in  figures  2  and  3  along  with  the  experimental  data,  which  were  used  to 
generate  these  values,  are  for  vanadium  of  99.99%  purity  or  higher,  but  those 


below  100  K  are  applicable  specifically  to  vanadium  havi 

1  . _  M  .  .4  AA  _  4  A**8  a  _  4M _ 4  1.  4  .  -4 _ _  « _ _ 4  _  _  _  _ 


tidual 


ity  of  0.0100  x  10  0  m.  The  table  gives  both  values  uncorrected  and  correc¬ 

ted  for  thermal  expansion,  while  the  figures  show  only  the  uncorrected  recom¬ 
mended  values  and  mostly  uncorrected  experimental  data.  The  values  for  the 
thermal  expansion  were  taken  from  ref.  [121].  The  uncertainty  in  the  recoar- 
mended  values  is  estimated  to  be  within  +10%  from  7  to  20  I  and  +3%  at  lover 


and  higher  temperatures. 


Vanadium  ii 


id  its  low-temperature  electrical  resis¬ 


tivity  depends  on  the  type  as  well  as  on  the  concentration  of  impurities.  The 
electrical  resistivity  of  lower-purity  vanadium  is,  therefore,  difficult  to 
estimate,  especially  at  low  temperatures  (<2S0  K).  However,  judging  from  the 
data  reported  by  Jung  et  al.  [16-18],  it  appears  that  for  specimens  having 
residnal  resistivities  less  than  0.3  x  10  *  0  m  only  small  uueertaimtiea  (<0.01 
x  10  8  0  m  at  20  K,  and  -0.3  x  10  8  0  m  at  100  1)  are  introduced  by  the  appli¬ 
cation  of  Xatthiessen's  rule.  The  data  from  refs.  [16-18]  (data  set  13)  and 
from  ref.  [38]  (data  set  38)  with  sample  residual  resistivity  of  0.52  x  10  8 
G  m  and  0.81  x  10  8  Q  m,  respectively,  are  also  shown  in  one  of  the  figures  for 
illustration. 
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Additional  information  on  the  elactrieal  raaiativity  in  raportad  in  rafa. 
(58*951.  Data  of  Hanalar  at  al.  [351  (data  aata  33.34).  Gar?  [41]  (data  aata 
43,44).  and  of  Vruk  and  Vart  (511  (data  aata  61,62)  ara  for  filna/foilai 
raadara  ara  diraetad  to  raft.  [96-1151  for  additional  information/ data  on 
filaa.  Tha  data  of  Conrtnay  (141  (data  aata  8-10)  ara  hydrogan-dopad  vanadiaa 
and  additional  inf oraat ion/ data  on  variona  dopad-raaadina  aaaplaa  ara  raportad 
in  rafa.  [65,72,102,116-1191.  Effaeta  of  irradiation  ara  diaenaaad  in  rafa. 
[71,72,120],  of  annaaling  tanparatnra  in  rafa.  [66,112,116,120],  and  of  praa- 
anra  in  rafa.  [73,74,1221. 
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TABLE  1.  RECOMMENDED  VALDES  FOR  THE  ELECTRICAL  RESISTIVITY  OF  VANADIUM* 
[Temperature.  T,  Ij  Electrical  Resistivity,  p,  10~8  Q  ■] 


T 

P 

T 

P 

nneorrected 

corrected 

corrected 

1 

0.0100<b> 

0.0100 

700 

47.2 

47.4 

4 

0.010S 

0.010S 

800 

S3.1 

53.4 

7 

0.0117 

0.0117 

900 

S8.7 

59.1 

10 

0.014S 

0.014S 

1000 

64.1 

64.6 

IS 

0.0232 

0.0232 

1100 

69.1 

69.7 

20 

0.0391 

0.0391 

1200 

73.8 

74.5 

2S 

0.0661 

0.0660 

1300 

78.5 

79.4 

30 

0.112 

0.112 

1400 

83.2 

84.2 

40 

0.304 

0.304 

1S00 

87.8 

89.0 

SO 

0.649 

0.648 

1600 

92.3 

93.7 

40 

1.114 

1.112 

1700 

96.7 

98.3 

70 

1.706 

1.703 

1800 

100.9 

102.7 

80 

2.413 

2.409 

1900 

104.9 

107.0 

90 

3.196 

3.191 

2000 

108.7 

111.0 

100 

4.01 

4.00 

2100 

112.2 

114.8 

ISO 

8.22 

8.21 

2202 

113.6(a) 

118.5(a) 

200 

12.43 

12.42 

2202 

135.1(2) 

250 

16.37 

16.36 

2400 

137.6 

273 

18.14 

18.14 

2600 

140.4 

293 

19.68 

19.68 

2800 

143.3 

300 

20.21 

20.21 

3000 

146.4 

3S0 

24.2 

24.2 

3200 

149.7 

400 

28.0 

28.0 

3400 

153.3 

SOO 

34.8 

34.9 

3600 

157.5 

600 

41.1 

41.2 

3800 

162.0 

4000 

166.8 

•The 

values  are  for 

:  vanadium  of  purity  99.99% 

or  higher 

,  but  those 

below  100  K 

are  applicable  specifically  to  vanadium  having  a  residcal  resistivity  of 

corrected  refer  to 
respectively.  Solid 
state  trai .formation. 


0.0100  z  10_B  0  si.  The  columns  hsaded  nneorrected  and 
valnes  nneorrected  and  corrected  for  thermal  expansion, 
line  separates  tabular  valnes  indicates  solid  to  liquid 

^Assuming  superconductivity  suppressed  by  magnetic  field. 
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3.2.  Zirconiua 


Thar*  are  43  data  aats  available  froa  23  references  [33,49,123-144]  for 
the  electrical  resistivity  of  zirconiua  speciaens  with  purity  99.8-99.99%.  The 
teaperature  range  covered  by  these  data  sets  is  froa  1.7  to  2127  E,  The  infor- 
aation  on  speciaen  characterization  and  aeasureaent  condition  for  each  of  the 
data  sets  is  given  in  table  5.  The  data  sets  are  tabulated  in  table  6  and 
shovn  partially  in  figure  4. 

Froa  liquid-heliua  teaperature  to  rooa  teaperature  the  only  set  of  data 
for  high-purity  zirconiua  is  that  of  White  and  Woods  [49]  (data  set  27)  on  a 
speciaen  with  BBK  ■  168.  Above  100  E  these  data  appear  to  be  trustworthy,  but 
their  reliability  below  100  K  is  not  sufficient  to  perait  reliable  interpreta¬ 
tion  in  terns  of  any  low-teaperature  conduction  aechanisa.  However,  White  and 
Woods  pointed  out  a  T* ’ ^  dependence  of  the  teaperature-dependent  resistivity 
above  13  K  as  indicating  rather  strong  electron-phonon  s-s  interband  scatter¬ 
ing.  This  and  earlier  work  of  leap  et  al.  [141]  (data  set  31)  on  a  speciaen 
with  RRR  “  25  was  supported  fifteen  years  later  by  Volkenshtein  et  al.  [131] 
(data  set  12)  using  a  speciaen  with  RRR  “  34.  Furtheraore,  the  data  of 
Volkenshtein  et  al.  [131]  suggested  the  existence  of  a  T2  tern  below  13  Z  which 
was  undoubtedly  related  to  electron-electron  scattering.  T^  dependence  indica¬ 
tive  of  s-d  electron-phonon  scattering  was  neither  explored  nor  reported  by 
these  or  other  low-teaperature  studies  [131-137,140].  Careful  low-teaperature 
studies  on  a  very  pure  speciaen  is  required  to  detect  such  dependence. 

The  recoanended  values  below  293  K  are  based  on  the  data  of  White  and 

•O 

Woods  [49]  (data  set  27),  who  studied  the  purest  speciaen  (p  «  0.25  x  10 

o 

Q  a) . 

In  the  teaperature  range  up  to  T^  -  1137  K  there  appears  to  be  fairly 
good  agreenent  (110%)  aaong  the  data  of  Bykov  et  al.  [127]  (data  set  7),  L'vov 
et  al.  [33]  (data  set  13),  Peletskii  et  al.  [133]  (data  set  15),  Powell  and  Tye 
[138]  (data  sets  22-24),  Bing  et  al.  [143]  (data  set  37),  and  of  Cook  et  al. 
[144]  (data  set  38).  The  reeoaaended  values  up  to  800  K  are  based  on  the  data 
of  Peletskii  et  al.  [133]  (data  set  15).  In  the  teaperature  range  froa  800  to 
1137  K  the  recoanendations  were  guided  by  the  data  of  Cezairliyan  and  Righini 
[123,124]  (data  set  2),  Peletskii  et  al.  [133]  (data  set  15)  and  those  of 
Kiselev  [139]  (data  sets  25,26).  Data  of  Cezairliyan  and  Righini  [123-125] 
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(data  sets  2-5)  and  those  of  Peletskii  et  al.  [133]  (data  sets  15.16)  were  need 

to  generate  the  recommended  valnes  for  (i-Zr  between  1137  to  2127  K.  The  value 

.1 

of  141.3  x  10  Q  m  for  liquid  Zr  at  212  T  follows  the  only  available  data  of 
Martynyuk  and  Tsapkov  [129]  (data  set  10). 

The  recommended  valnes  of  the  electrical  resistivity  given  in  table  4  and 
shown  in  figures  5  and  6  are  for  zirconium  of  99.95%  purity  or  higher,  but 
those  below  100  K  are  applicable  specifically  to  samples  with  pQ  “  0.250  x  10 
fi  m.  The  table  gives  both  valnes  uncorrected  and  corrected  for  thermal  expan¬ 
sion.  while  figures  5  and  6  show  only  the  uncorrected  values  along  with  experi¬ 
mental  data  which  were  used  to  generate  these  values.  Thermal  expansion  values 
needed  to  carry  out  thermal  expansion  correction  were  taken  from  ref.  [190]. 
The  uncertainty  in  the  recommended  values  is  estimated  to  be  within  +2%  below 
1137  K,  +3%  up  to  the  melting  point,  and  ±4%  for  the  liquid  value  at  2127  K. 

Zirconium  is  a  transition  element,  and  its  low-temperature  electrical  re¬ 
sistivity  depends  upon  the  type  as  well  as  on  the  concentration  of  impurities. 
The  low- temperature  electrical  resistivity  of  low  purity  zirconium  is  rather 
difficult  to  estimate.  Data  so  far  available  does  not  permit  one  to  establish 
the  upper  limit  of  for  which  Matthiessen's  rule  can  be  applied  to  estimate 
electrical  resistivity. 

The  data  available  in  the  literature  for  the  temperature  dependence  of  a 
bulk  sample  is  reviewed  in  this  report.  However,  additional  information  on  the 
electrical  resistivity  is  available  in  refs.  [50,52,82,90,145-183],  Attention 
is  directed  to  refs.  [163,179,184-186]  for  data  on  irradiated  samples,  refs. 
[106,111,187,188]  for  data  on  films,  ref.  [188]  for  data  on  doped  zirconium  and 
ref.  [189]  for  data  on  pressure  dependence  of  resistivity. 
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TABLE  4.  RECOMMENDED  VALDES  FOR  THE  ELECTRICAL  RESISTIVITY  OF  ZIRCONIUM* 
(Temperature,  T,  K;  Electrical  Resiativity,  p,  10“®  Q  m] 


T  p 

T 

f 

) 

uneorreeted 

corrected 

corrected 

1  0.250 

0.250 

700 

104.2 

104.5 

4  0.250 

0.250 

800 

114.9 

115.3 

7  0.250 

0.250 

900 

123.1 

123.6 

10  0.253 

0.253 

1000 

128.8 

129.4 

15  0.283 

0.283 

1100 

132.0 

132.8 

20  0.357 

0.357 

1137 

132.6(a) 

133.4(a) 

25  0.491 

0.490 

1137 

110.8(0) 

111.3(0) 

30  0.712 

0.711 

1150 

111.1 

111.7 

40  1.443 

1.441 

1200 

112.2 

112.8 

50  2.495 

2.492 

1300 

114.5 

115.2 

60  3.75 

3.75 

1400 

116.5 

117.3 

70  5.15 

5.14 

1500 

118.6 

119.6 

80  6.64 

6.63 

1600 

120.4 

121.5 

90  8.18 

8.17 

1700 

122.3 

123.5 

100  9.79 

9.78 

1800 

124.0 

125.4 

150  17.85 

17.84 

1900 

125.8 

127.4 

200  26.35 

26.33 

2000 

127.5 

129.3 

250  34.9 

34.9 

2100 

129.1 

131.0 

273  38.8 

38.8 

2127 

_ ULJdMl 

293  42.1 

42.1 

2127 

141.3(2) 

300  43.3 

43.3 

350  51.9 

51.9 

400  60.3 

60.3 

500  76.5 

76.6 

600  91.5 

91.7 

•The  values  are  for  polycryatallime  zirconium  of  purity  99.95%  or  higher,  but 
those  below  200  I  are  applicable  specifically  to  zirconium  having  a  residual 
resistivity  of  0.2S0  z  10”®  Q  m.  the  colusms  headed  uneorreeted  and  corrected 
refer  to  values  uneorreeted  and  correeted  for  thermal  expansion,  respectively. 
Solid  line  separating  tabular  values  indicates  solid  to  liquid  state  transfor¬ 
mation,  while  dotted  line  indicatea  solid  phase  transition, 
a:  ephi  0:  bee. 
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S .  APPENDICES 


5.1.  Methods  for  the  Measurement  of  Electrical  Resistivity 

At  the  Center  for  Information  and  Numerical  Data  Analysis  and  Synthesis 
(CINDAS)  of  Purdue  University,  the  experimental  methods  for  the  measurement  of 
electrical  resistivity  have  been  classified  into  various  categories  according 
to  a  similar  scheme  used  by  CINDAS  for  the  classification  of  methods  for  the 
measurement  of  thermal  conductivity  [191.  pp.  13a-25a] .  This  classification 
scheme  of  CINDAS  is  presented  belov.  Note  that  the  letters  in  parentheses  fol¬ 
lowing  the  respective  methods  are  the  code  letter  used  in  the  'Method  Used* 
column  of  the  Table  of  Measurement  Information  for  indicating  the  experimental 
methods  used  by  the  various  authors. 

Methods  for  the  Msssntsmsat  of  Electrical  Reaistlvitv 

A.  Steady-State-  Methods 

1.  Voltmeter  and  aaaaeter  direct  reading  method  (V)  [192.  p.  1S9;  193.  pp. 
244-51 

2.  Direct-current  potentiometer  set hod  (A)  [194.  pp.  151-SI 

a.  4-probe  potentiometer  method 

3.  Direct-current  bridge  methods  (B)  [194.  pp.  144-51) 

a.  Kelvin  double  bridge  method 

b.  Mueller  bridge  method 

c.  Wheatstone  bridge  method 

4.  Direct-heating  method  (K)  [195.1961 

B.  Non-Steady-State  Methods 

1.  Periodic  current  method 

a.  Direct  connection  to  sample 

(1)  Alternating-current  potentiometer  method  (C)  [194.  pp.  161-2) 

b.  No  connection  to  sample 

(1)  Rotating  magnetic  field  method  (R)  [1971 

2.  Non-periodic  current  method 

a.  Direct  connection  to  sample 

(1)  Transient  (subsecond)  method  (T)  [1981 
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5.2.  Conversion  Factors  for  the  Units  of  Electrical  Resistivity 
The  recommended  values  and  experimental  data  for  the  electrical  resis— 

_g 

tivity  tabulated  in  this  work  are  in  the  nnits:  10  Q  m.  Conversion  factors 
for  the  nnits  of  electrical  resistivity,  which  may  be  need  to  convert  the 

_o 

values  given  in  (10  Q  m)  to  values  in  other  units,  are  given  below. 

Conversion  Factors  for  the  Units  of  ElectricalJBC-Sistlyity 

Multiply  the  Value 

Units  to  be  Converted  to  Given  in  (10-8  Q  m)  by 


ohm-meter  (0  m) 

1  x  10~8 

-6 

ohm-centimeter  (0  cm) 

1  x  10 

-7 

ohm— inch  (0  in.) 

3.937  x 

10 

-8 

ohm— foot  (Q  ft) 

3.281  x 

10 

microohm-oentimeter  (pQ  cm) 

1 

1  x  103 

abohm-centimeter  (abQ  cm) 

-18 

statohm-centimeter  (statQ  cm) 

1.113  x 

10 

emu  (■  abQ  cm) 

1  x  103 

-18 

esu  (■  statQ  cm) 

.  -  -1. 

1.113  x 

10 

ohm-circular  mil  per  foot  (fi  cmil  ft  ) 

6.015 

Example:  1.000  x  10~8  Q  »  -  3.937  x  10~7  Q  in.. 
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